Here we examine how the force on an AFM tip varies as it approaches micellar surfactant films, and use this information to discern the film's surface structure and Young's Modulus.
Introduction
It has been established in the literature that sodium dodecyl sulfate (SDS) forms wormlike hemi-micelles when exposed to a hydrophobic surface. [1] [2] [3] Rows of these micelles form grains that stretch across the surface with grain sizes on the order of 0.1 µm. For highly dynamic surfaces such as lipid and micellar layers, the interface is in constant flux due to thermal fluctuations and local changes in surface density, creating significant steric forces that extend for nanometers away from the surface. [4] [5] Studying the distance dependence of such forces could be informative for micellar films, as the strength and structure of the film may correlate to steric forces. Importantly, there may be interesting information about surface structure and the ionic environment hidden in the distance dependence of steric forces.
Moreover, while micellar films may resemble their lipid counterparts, there are good reasons to question whether the surfaces deform similarly. Aside from the obvious difference in surface packing and structure, the micellar surface is much more mobile and fragile. Surfactant 3 molecules freely desorb and readsorb onto the surface, and the surface is constantly shifting. [2] [3] [4] Even moderate disturbance of the surface can cause micellar desorption; for example, direct imaging with an atomic force microscopy (AFM) tip has been known to disperse the micellar film. 6 The study of how surfaces deform when probed with an AFM tip is a thoroughly researched field, and several well established theories exist which can relate the surface deformation to the load force and the Young's modulus of a substrate. [7] [8] [9] [10] In the case of thin biological films, it has been shown that these theories can be adapted to determine elastic moduli if information about how the deformation of the film changes with load is known. [9] [10] [11] Assuming that the micelles at the surface behave elastically at measurable load forces, it might then be possible to apply adapted versions of these theories to micellar surfaces. Most lipid layer models make use of a stiffness coefficient or Young's modulus, so it should be possible to extract these values for micellar films as long as the film is strong enough to sustain a load while in contact.
Our prior work focused on the study of breakthrough forces for hemi-micellar films using AFM, and characterizing how these forces changed with added salt. We began our experiments by imaging 10 mM SDS and 10mM dodecylamine hydrochloride (DAH) films in soft contact mode via AFM. Shown in Figure 1 is an example AFM image taken of the SDS hemi-micellar film at our graphite interface, as well as a cross-section of the proposed structure. 12 DAH films at concentrations of 10 mM exhibited the same wormlike structure. Our first focus was on how the force required to breach the film (breakthrough force) changed with added salt. Experiments were performed with MgCl 2 , NaCl, and Na 2 SO 4 to determine the effect of the coion and counterion on the surface structure and the breakthrough force. In all cases, it was found that addition of roughly 1.4 mM of salt increased the breakthrough forces observed in the film by 30-70%. The suspected cause of this strengthening was the change in free energy of formation of 4 these micellar structures. Higher concentrations of salt were not used due to increased turbidity in solution, especially in the case of MgCl 2 . A detailed study of why this strengthening occurred can be found in our prior work. 12 Consistent observation of breakthrough forces at the surface imply that the film could be robust enough to analyze the data for Young's modulus. In this work, we examine how the force on the AFM tip changes as it approaches the SDS and DAH hemi-micellar films adsorbed to graphite, and analyze what the cause of longer range 5 forces may be. Our work will demonstrate the presence of long range forces on the AFM tip which we propose are the result of some previously unreported surface structures, and that these structures can show steric forces similar to charged or neutral polymer brushes depending on the electrolyte environment. In addition, we use previous theory developed for AFM to measure the Young's moduli of SDS films and how they change with added salt concentrations. We will use an estimate to show that the film has a Young's modulus similar to those reported for lipid bilayers.
Materials and Methods
Sodium dodecyl sulfate (SDS) was purchased from Sigma-Aldrich (ACS reagent, ≥99%), and was dissolved in deionized water at a concentration of 10 mM. This 10 mM solution was then placed in contact with ZYH grade highly ordered pyrolytic graphite (HOPG) purchased from
MikroMasch. Before each trial, the graphite surface was peeled with clear tape to ensure that the surface was fresh. After contact, the surface was allowed at least 30 minutes to equilibrate with the SDS solution before it was placed into a Dimension 3100 AFM from Veeco for measurement. Measurement was done with MSCT nonconductive silicon nitride tips from Veeco, with nominal spring constants of 0.05 Nm -1 and tip radii 2-10 nm. Imaging was done in soft contact mode away from the surface, and all scale data in these images represents either tip deflection or phase data rather than true height as a result. Once the presence of a micellar film at the surface was established by this soft contact imaging, data was taken measuring the force on the tip as it approached the surface. The ramp rate on approach was kept at a constant 50 nms -1 .
The ramp rate here was kept low to minimize surface disturbances, as higher rates were found to degrade the film over multiple consecutive measurements. Force curves were taken many times (݊~50) at the same location so as to create a distribution of curves. Significant deterioration of 6 the film during measurement was not observed so long as the maximum force exerted on the film was not significantly larger than the film's breakthrough force. It was found that changing the region of the graphite being probed caused significant (~10-40%) changes in quantities such as breakthrough forces and decay lengths, so efforts were made to minimize lateral movement of the AFM tip between trials. Qualitative trends remained consistent across films using this methodology.
Sodium sulfate (Na 2 SO 4 ) was purchased from Sigma-Aldrich (ACS reagent, ≥99%), and used to make a 100 mM stock solution in deionized water. Once force curves were measured for the pure SDS film, the tip was moved several micrometers away from the surface and the Na 2 SO 4 solution was added in situ to the container holding the SDS. Samples were given between 30-60 minutes to equilibrate before the tip was lowered to the surface to take more measurements.
These steps were repeated until the concentration of salt was nearly 1.5 mM or the solution began to display significant turbidity. The procedure described for SDS and Na 2 SO 4 was then repeated using dodecylamine hydrochloride (DAH) purchased from TCI America (≥98%) with magnesium chloride hexahydrate (MgCl 2 ) purchased from Sigma-Aldrich (ACS reagent, ≥99%)
replacing the salt.
For trials performed starting with bare graphite, the graphite was exposed to deionized water for 30 minutes and then force curves were taken. DI water was then extracted and replaced with our SDS stock solution until the desired SDS concentration was reached. An hour was allowed for equilibration before imaging was done or repulsive forces were measured. Sodium sulfate was added without subtraction of solution for high salt trials, as the small volume of Na 2 SO 4 stock solution required meant that the overall SDS concentration would be nearly unchanged by the addition. 
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For fitting purposes, force curves were transferred to Excel 2013. Empirical forms of relevant equations were fitted using least square residuals for the log force, to provide a weighting for forces at lower overall magnitudes. Residuals were minimized using the solver add-in, and the coefficients of fit were recorded. Thickness of the film in these models was assumed to be 1 nm.
In situations where a roughly exponential force curve was observed, an empirical single exponential equation was used to model the decay length in these regions. The thickness of the film at breakthrough was measured manually for each force curve.
Results and Discussion
Force vs Separation Curves. Building on our previous work, we will now study how the force on an AFM tip varies as it approaches an SDS film adsorbed on graphite while changing electrolyte concentration. Shown in Figure 2 is an example of how such data can be analyzed.
The repulsive force away from the surface is roughly exponential at most separations. The intersection of the projection of this exponential force into the film with the breakthrough force provides an estimation of the film thickness and the true point of contact between the tip and the hemi-micellar surface. Combining this information with the separation at breakthrough can give an estimation of strain at failure for the micellar films. The exponential force can also be fit to an equation of the form
Where ‫ܨ‬ is the force on the tip, ‫ݖ‬ is the tip-sample separation, and ‫ܣ‬ is a fitting constant to give a decay length ߣ. While results were obtained for an adsorbed film formed in 10 mM SDS with several added salts, we will focus our analysis on the clearest dataset (Na 2 SO 4 ) with the least noise and fewest disturbances to see what conclusions can be drawn. It is important to understand what mechanism is causing these repulsive forces before continuing analysis. In literature, it is often assumed that the primary force involved in these surface interactions is electrostatic repulsion. 2, 13 However, there are some discrepancies between this interpretation and our data that are not easily resolved. We can estimate what our expected force due to electrostatic repulsion might be between our tip and surface from DLVO theory. The force due to electrostatic repulsion between a spherical tip and a planar surface is given by the
where ߪ ௦ is the charge density at the surface, ߪ ௧ is the charge density of the tip, ߣ is the Debye length, ߝ is the relative permittivity of water, ߝ is the permittivity of free space, and z is the distance from the surface. We can calculate the Debye length, assuming we know the concentration of free ions, using the equation where ݁ is the elementary charge, ܰ is Avogadro's number, ‫ݖ‬ is the charge of ion species i, ‫ܥ‬ is the concentration of ion species i, and ݇ is the Boltzmann constant. If we assume that surfactant molecules in the micellar phase are 27% dissociated 14 and that the CMC is 7.8 mM from our previous work, 12 we arrive at a Debye length of 3.3 nm before any Na 2 SO 4 is added to our 10 mM SDS solution. This is significantly larger than our observed decay length in the case of pure 10 mM SDS. The addition of 2 mM of Na 2 SO 4 would cause a decrease in this length to 2.8 nm, which is still significantly different from our ߣ ଶ . Using a tip charge density of -10 mC/m 2 consistent with aged silicon nitride, 15 a ߪ ௦ of -60 mC/m 2 for our surface, 12 a tip radius of 6 nm, and a Debye length of 3.3 nm we arrive at a total force at the surface of 0.2 nN after using equation (2). This is much smaller than our observed forces of 3.0 ± 0.3 nN, even though the tip charge density we are using is conservatively large. Equations (2) and (3) This, however, is opposite of our observed trends, and implies the forces we are observing are not consistent with electrostatic repulsion.
Another issue with assuming electrostatic repulsion is the dominant force in our data comes from our results on decay lengths ߣ ଵ and ߣ ଶ . Equation (2) implies that at least one of our observed decay lengths, assuming that it is the result of double layer repulsion, should be equal to the Debye length. If this were the case, we would see a decrease in decay length with increasing concentration of ions. Since we see that is not true for either decay region, we infer that our observed forces in Figure 3 are not the result of electrostatic repulsion. If these are not electrostatic forces, there are several alternative explanations to explore. For amphiphilic surfaces, there are four generally recognized forces to investigate: Undulation, peristaltic, protrusion, and steric forces. [4] [5] We can quickly rule out the role of undulation and peristaltic forces, as our film is a series of separate wormlike micelles rather than a single contiguous membrane. Even if these forces were present between the film and the tip, they would present a ‫ܦ‬ ି dependence instead of the observed exponential decay shown in Figure 3 . 4 This leaves only protrusion and steric forces, both of which follow the general form given in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 equation (1). While it is conceivable for protruding molecules to be present at the surface, the expected protrusion decay length for an SDS film can be calculated from known quantities as being on the order of 0.1 nm. [4] [5] 16 This is far too small for us to conclude that molecular protrusion is responsible for our observed forces. There is also no mechanism in the theory of protrusion that allows or predicts the emergence of a second decay length or a deviation from strictly exponential behavior.
This leaves only the forces resulting from steric repulsion. Unlike protrusion forces, steric forces are the result of compression of molecules that are constrained between two surfaces. The theory for such forces largely comes from the study of polymers adsorbed at surfaces. 5, [17] [18] At lower surface density, the decay length for such steric forces corresponds to a radius of gyration for the polymer molecule. 4, 19 While the individual SDS molecules are too small for our observed values of ߣ ଵ and ߣ ଶ to represent molecular gyration radii, the micellar structures formed by these molecules are known to have radii of gyration between 1.5-2.0 nm. [20] [21] Therefore, we speculate that the observed repulsive forces are the result of collective structures, rather than the individual molecules. A drawing of the proposed possible steric structures can be found in Figure 5 ,
showing the different kinds of structures that we might expect to see at the surface. We currently lack the information to distinguish which of these structures is present, as such surface structures have not been imaged directly. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Polyelectrolyte Brush Model. Because our surface hemi-micelles have significant surface charge along their length, we will attempt to model our steric surface structures in the same manner as one would model polyelectrolyte brushes, and refer to them, in general, as micellar brushes. For polyelectrolyte brushes, there are two distinct regimes of behavior: the osmotic regime and the salted regime. [22] [23] In the osmotic regime, the counterion concentration within the chain's occupied volume is greater than the concentration in the bulk. This creates a net osmotic pressure, and leads to an overall expansion of the film. In the salted regime, the concentration of ions in the bulk exceeds that in the brush, which leads to screening of the charges along the chain and a general contraction of the film. In our previous work, 12 we used modified Grahame equations to determine that the counterion concentration was roughly 1.5 M at the hemi-micellar surface and 8-10 mM in the bulk. This implies that we should be looking at the osmotic regime, as our concentration of ions near the surface should always be greater than in the bulk due to the presence of a diffuse double layer. The force on a polyelectrolyte chain in this regime can be estimated as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   14 where ‫ܮ‬ is the length of the chain, ݇ is the Boltzmann constant, ܶ is temperature, ܽ is the Kuhn length, ߙ is the ratio of counterions within the chain volume to charges at the chain surface, and ܰ is the number of Kuhn lengths per chain. Here the first term is an elastic force that resists chain extension, and the second term is an opposing expansion force resulting from counterion osmotic pressure. From this, it can be deduced that the equilibrium chain length obeys the
Where ‫ܮ‬ is the equilibrium chain length at which ‫ܨ‬ = 0 from equation (4 where ߁ is the surface density of chains, R is the radius of the tip, and ‫ܣ‬ ଵ and ‫ܣ‬ ଶ are arbitrary fitting constants. Fitting to equation (7) is simpler than it might appear, as it is not necessary to know or guess values in the term outside the brackets. These terms can be incorporated into the constants ‫ܣ‬ ଵ and ‫ܣ‬ ଶ , and subsequent fits do not assume specific values for these prefactors.
Equation (7) produces reasonable fits for our force curves at higher concentrations of Na 2 SO 4 . 
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Examples of fits for our 10 mM SDS film using equation (7) are given in Figure 6A . PtBS-NaPSS diblock copolymers at low salt concentrations. performed using the residuals of points between ~3 nm and ~20 nm, while fits in (B) were done in the range of ~5 nm to ~15 nm.
It is important to discuss, however, why the theory of equation (7) breaks down at low salt concentrations, where the data approaches single exponential behavior in the force curves.
Unlike true polymers in the osmotic regime, the value of ‫ܮ‬ in our system is not independent of salt concentration. There is strong evidence for this from our force curves in Figure 3 , where the separation at which the film begins to interact with the tip increases as salt is added to solution.
In polyelectrolyte brushes this interaction distance is indicative of the uncoiled length of the polymer, ܰܽ, and it makes sense that the same would be true here. 22 Unlike polymer brushes, micellar structures can freely change length under differing conditions. The reason for this lengthening is likely linked to the thermodynamics of formation for these structures. While it is possible that there is a kinetic component to this lengthening phenomenon, studies have indicated that the rate of adsorption for SDS onto a hydrophobic surface is nearly constant above the CMC. 24 As salt is added to solution the critical micelle concentration (CMC) drops significantly, indicating that micellar structures are becoming more thermodynamically stable. 12, 25 This increases the likelihood of observing larger micellar structures at the surface and results in a larger observed micellar brush length. It may also indicate that the reason equation (7) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 low salt concentrations is that the micellar brush length falls below some critical value beneath which the theory breaks down.
For polyelectrolyte brushes beneath this critical length, most of their surface is in direct exposure to the surrounding fluid. Because of this, the capacity for these structures to swell due to some internal osmotic pressure vanishes, and they behave similarly to an uncharged polymer brush. It has been well established by de Gennes' theory that the pressure between a surface and an uncharged polymer brush can be estimated by the relation 4 , 26
This relation is roughly exponential in the range 0.2 < ௭ బ < 0.9, and can be estimated in this region by the equation 18 , 27-29
Shown in Figure 6B are curves for low salt concentrations fitted to equations (8) and (9) . Fitted values for L 0 for these equations were generally in the range of 12-14 nm, and the decay length was then 1.9-2.2 nm. These values for L 0 are consistent with our assumptions about the critical length, as they are smaller than those observed in the osmotic regime. The quality of fit for equation (9) is clearly better than that of equation (8) in Figure 6B . This is because, while equation (8) is considered accurate for high molecular weight polymers, single exponential equations such as equation (9) have been shown to work best for lower molecular weight systems such as lipid bilayers. 4 Attempts to fit equation (8) and (9) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Imaging Surface Structures. While we have offered a theory that could explain our observed repulsive forces, we have not shown any attempt to image the proposed micellar brush structures.
Given in Figure 7 are the results of an experiment originally intended to see if such structures could be imaged. We began by looking at the force on the AFM tip at the graphite surface when SDS was absent. This allowed us to establish that the tip was not contaminated with any organic layer, as the results shown in Figure 7A are consistent with a clean tip on bare graphite. SDS stock solution was added in situ, and the tip and surface were give an hour to equilibrate at a concentration of 10 mM before imaging. Images and force curves were recorded for the same surface ( Figures 7B, 7D , and 7E), with images taken at differing amounts of force. We sought here to determine if evidence of our hypothesized structures existed at higher imaging forces.
The hemi-micellar structures depicted in Figure 1 are clearly present at our surface. However, large protrusions on the order of 10 nm, which our force curves predict are present, are not observed in our images at either low ( Figure 7D ) or high ( Figure 7E ) imaging forces. Some adhesion was seen at forces near the breakthrough, though this is not indicative of our proposed structures.
We then added Na 2 SO 4 in situ to a very high concentration of 3 mM, and observed how the force curves changed. Our purpose here was twofold: to establish that the decay length splitting in Figure 3 was present for a clean tip, and to lengthen our hypothesized structures so that they might be easier to image. Force curves taken at this high salt concentration show an excellent match ( Figure 7C ) to predictions from equation (7), but no brush-like structures were apparent regardless of imaging force (data not shown). It's possible that imaging these structures may result in them receding into the surface or dispersing, which could explain why they do not appear in our results. AFM is rarely ever used to image mobile soft structures such as those we could be useful tools in the future for confirming the presence of these structures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20
Stress and Strain at Failure. One of our early goals was to map how the hemi-micellar film deformed while in contact with our tip, as we believed this could yield information about elastic moduli. Models have been devised for lipid bilayers and monolayers that yield characteristic stiffnesses using data from nanomechanical film deformation with an AFM tip. 7, 10, 31 Unfortunately, the regions of our curves that might yield this information are far too narrow and contain too few data points to realistically use these models. For our SDS data, however, we have been able to extract information about the stress and strain at failure, and from there we can calculate an approximate Young's Modulus.
Making use of this information requires several assumptions. First, we are assuming that the region of contact before the breakthrough instability is a region of elastic deformation. This is justifiable, as similarly structured lipids films are assumed to behave elastically until a yield stress is reached. 11 It is difficult to confirm this assumption in our system, as we have so few data points in contact with our film. In addition, the fact that we breach our film and have surface adhesion implies that confirmation of elastic behavior cannot be obtained from retract curves.
Because of this uncertainty, we are assuming that the plastic regime begins at the breakthrough instability, where the film rapidly deforms beneath the tip. Since our sample is thin, we use Sneddon's equation for a perfectly elastic material in the form
where E is the Young's modulus, R is the radius of the tip, s is the indentation depth, ߥ is the Poisson's ratio of the film, and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 however, possible that this is not a true bimodal distribution due to the relatively small number of data points collected. As such, we should be wary of drawing firm conclusions about their meaning here. These values are of the expected magnitude, and are slightly lower than those reported for sturdier lipid films of 100-400 MPa also measured by AFM force measurements of a supported film 9, 31 , which is consistent with expectations given our more loosely organized surface structures.
Our estimates, and any such measurement made using a supported film, will generally overshoot the actual film modulus, as the measured Young's modulus for such a thin film is actually a composite of the film's modulus and the substrate's beneath it. 7 This is because the film is constrained between the tip and surface, and the deformation at high loads is limited as a result. Numerous models exist which relate the measured modulus to the true film modulus, but 22 they generally require more information about how the Young's modulus changes with indentation depth to get accurate data. Since we lack this information due to the narrow region of direct contact, we must restrict ourselves to this estimation. The repulsive forces displayed in Figure 9 look to be the same as those for our SDS films. If this long range repulsion were the result of electrostatic forces, we would expect a decrease in decay length with added ions rather than an increase. 33 Similarly, the only force that makes sense given our large decay length and surface structure is the steric force. The lack of a split in decay lengths may indicate, similar to what was speculated for SDS, that the micellar brush lengths at the surface are beneath the critical length required for equation (7) to apply. Even though our estimated brush length for DAH is near 24 nm at the highest salt concentration, far higher than those seen in SDS, different surfactants may have different critical brush lengths. For DAH the surface charge density is much lower than it is for SDS, and the counterion density at the surface 24 is only expected to be around 0.2 M even at the highest salt concentration. 12 When compared with the expected 1.5 M counterion concentration for SDS it becomes clear that the effects of osmotic swelling will be limited for DAH, and behavior will resemble that of an uncharged polymer.
Previous work has shown that the surface density of the adsorbed hemi-micelles increases as surfactant concentration increases. [2] [3] This continues until the surfactant concentration in solution nears the CMC, past which the micellar spacing and density no longer change. 3 Images taken of the DAH coated surface show a monotonic decrease in micellar spacing for the adsorbed hemimicellar structures as MgCl 2 is added to solution. This makes some sense, as the concentration of DAH in our trials is always below the CMC 12 , whereas it is always above the CMC for our SDS trials. DAH trials above the CMC were not performed, as precipitation readily occurred when salts were added at higher surfactant concentrations. The periodicity of a 10 mM DAH film in the absence of added salt was found to be 7.8±0.2 nm, and was found to decrease to 5.0±0.1 nm when the MgCl 2 concentration was 1.34 mM. Since the surface density of these hemi-micelles is closely tied to the value of the CMC, it is appropriate to compare our measured decay lengths to the CMC of DAH as MgCl 2 is added (See Figure 10) . The data in Figure 10 shows that a 'kink' in our decay length data is replicated in the measured CMC values from our previous work, 12 implying a link between the two quantities through their shared relation to surface density. In the regime of equation (8), the relationship between brush length and surface density can be estimated in a good solvent as
where ܴ ி is the Flory radius. Equation (12) implies that the measured decay length should increase with surface density, which is consistent with our observations for DAH in the presence Some attempts were also made to estimate the Young's modulus of the DAH film using equations (10) and (11), but we were unable to obtain reliable data about the strain at breakthrough. It appears that the DAH films are much less sturdy than their SDS counterparts at these salt concentrations, and are unable to resist the loading force of the tip for a long enough time to yield usable data. It is plausible that, at higher salt concentrations, more reliable data could be gathered in this region. However, we were unable to continue to concentrations greater 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26 than what is reported for DAH due to the presence of increased turbidity in solution at higher salt concentrations.
Conclusions
We measured the force on an AFM tip as it approached both SDS and DAH hemi-micelles under changing salt concentrations. It was observed, in both cases, that the repulsion experienced by the tip near the surface was exponential when <1 mM of salt was added. Analyzing the decay length of these forces showed that they are likely due to steric forces resulting from collective behavior of these micellar structures, which we refer to as micellar brushes. Their behavior resembles that of a polymer brush, and models intended for such brushes fit very well to our results. The decay lengths were found to change character for SDS at concentrations of salt higher than 1 mM. At these concentrations, the decay lengths increased and behaved similarly to a polyelectrolyte chain. A similar change in behavior was not observed for DAH, as the surface charge and local ionic concentration near the interface is much smaller than for SDS. We also attempted to measure the Young's moduli for these SDS and DAH films. For SDS, we found that the region of contact was too narrow for a detailed mechanical model involving changing Young's moduli at different depths. Instead, we made a one-shot approximation using Sneddon's model while assuming perfectly elastic contact before breakthrough. We found that the Young's modulus of the film was nearly independent of salt concentration. The average over all trials and salt concentrations was found to be 80 MPa, which is consistent with expectations from lipid layers. A histogram of results for these moduli revealed two peaks at 65 MPa and 120 MPa. This may be a result of micellar periodicity along the surface, though this is only speculation. The
Young's modulus of DAH could not be obtained from our data, as the film was too fragile to acquire information about deformation before breakthrough. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   27 Overall our results portray a dynamic surface for these micellar films, where we speculate the presence of relatively large (10-20 nm-scale) structures extending into the bulk. This behavior has not previously been reported for SDS films, though they have been the subject of much study. We believe that this will change the overall perspective of repulsive forces from micellar films in future AFM studies. Further work should focus on determining the structure of these micellar brushes and the thermodynamic and kinetic processes that lead to their formation.
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